Artemisinin-derived monomers and dimers inhibit human cytomegalovirus (CMV) replication in human foreskin fibroblasts (HFFs). The monomer artesunate (AS) inhibits CMV at micromolar concentrations, while dimers inhibit CMV replication at nanomolar concentrations, without increased toxicity in HFFs. We report on the variable anti-CMV activity of AS compared to the consistent and reproducible CMV inhibition by dimer 606 and ganciclovir (GCV). Investigation of this phenomenon revealed that the anti-CMV activity of AS correlated with HFFs synchronized to the G 0 /G 1 stage of the cell cycle. In contact-inhibited serum-starved HFFs or cells arrested at early/late G 1 with specific checkpoint regulators, AS and dimer 606 efficiently inhibited CMV replication. However, in cycling HFFs, in which CMV replication was productive, virus inhibition by AS was significantly reduced, but inhibition by dimer 606 and GCV was maintained. Cell cycle analysis in noninfected HFFs revealed that AS induced early G 1 arrest, while dimer 606 partially blocked cell cycle progression. In infected HFFs, AS and dimer 606 prevented the progression of cell cycle toward the G 1 /S checkpoint. AS reduced the expression of cyclin-dependent kinases (CDK) 2, 4, and 6 in noninfected cycling HFFs, while the effect of dimer 606 on these CDKs was moderate. Neither compound affected CDK expression in noninfected contact-inhibited HFFs. In CMV-infected cells, AS activity correlated with reduced CDK2 levels. CMV inhibition by AS and dimer 606 also correlated with hypophosphorylation (activity) of the retinoblastoma protein (pRb). AS activity was strongly associated with pRb hypophosphorylation, while its reduced anti-CMV activity was marked by pRb phosphorylation. Roscovitine, a CDK2 inhibitor, antagonized the anti-CMV activities of AS and dimer 606. These data suggest that cell cycle modulation through CDKs and pRb might play a role in the anti-CMV activities of artemisinins. Proteins involved in this modulation may be identified and targeted for CMV inhibition.
A rtemisinins, drugs of choice for malaria therapy, inhibit human cytomegalovirus (CMV) replication (1) (2) (3) (4) . Artesunate (AS) and the parent compound artemisinin inhibit CMV replication in vitro and in vivo. Variable responses to AS in case reports of CMV-infected patients have been attributed to the dosing regimen, duration of therapy, or tissue penetration of AS (5) (6) (7) (8) . In our effort to improve and uncover the anti-CMV activities of artemisinins, we reported on in vitro highly selective inhibition of CMV replication with artemisinin-derived dimers, significantly more than with their monomeric counterparts, without increasing toxicity in human foreskin fibroblasts (HFFs) (3, 9) . Although similar effects on CMV replication were observed between monomers and dimers (timing of CMV inhibition, effects on DNA replication, and virus yield), dimers inhibited CMV at nanomolar concentrations and had a high slope of the dose-response curve, a measure of cooperativity in binding of multiple ligands to linked binding sites. Monomers inhibited CMV at micromolar concentrations and had a slope of 1 (similar to the slope of ganciclovir [GCV] ).
We report on inconsistent anti-CMV activity of AS in HFFs, while artemisinin-derived dimer 606 and GCV maintained consistent CMV inhibition. Our data suggest that the underlying mechanism of this phenomenon may be a result of cell cycle modulation by artemisinins. CMV infection induces G 1 /S arrest in HFFs (10) (11) (12) , hyperphosphorylation of the retinoblastoma protein (pRb), and increased transcriptional activity of E2F1. In noncycling arrested cells, CMV alters the cell cycle toward a more favorable S-stage-like environment, while in actively dividing cells, viral immediate early (IE) gene expression is delayed until the cells reach the next G 1 stage (13, 14) . We describe the cell cycle activities of artemisinins and their correlates with CMV inhibition.
MATERIALS AND METHODS
Compounds. The synthesis of the highly stable C-10-carba trioxane dimer alcohol (molecular weight, 606) from artemisinin has been reported (15) . AS cannot form a dimer, but chemical synthesis resulted in several artemisinin-derived dimers, including dimer 606. Studies describing the anti-CMV activity of AS and dimer 606 have shown that the latter was significantly more active than AS, much more than two units of monomers combined (9, 16, 17) . The compounds were dissolved in dimethyl sulfoxide (DMSO), and stocks of 10 mM were stored at Ϫ80°C. GCV, mimosine (for induction of late G 1 arrest), lovastatin (for induction of early G 1 arrest), staurosporine (a positive control for apoptosis), and roscovitine (a cyclin-dependent kinase 2 [CDK2] inhibitor) were purchased from Sigma Chemicals (St. Louis, MO). The concentrations of AS and dimer 606 resulting in full CMV inhibition were 30 and 0.3 M, respectively, and used in all experiments (3) . The concentration of each compound was calculated and adjusted by volume such that it was constant throughout the experiment.
Viruses. The pp28-luciferase Towne CMV strain was constructed as previously described (18) . Briefly, the recombinant virus expresses luciferase under the control of the UL99 (pp28) late promoter 48 to 72 h postinfection (hpi). Luciferase expression from this promoter is almost completely inhibited in the presence of viral DNA polymerase inhibitors such as GCV and foscarnet (18) . Luciferase activity is highly correlated with plaque reduction assay (18) . The Towne CMV strain (ATCC, VR-977) was used for plaque reduction, DNA replication, apoptosis, and cell cycle assays.
Cell culture, virus infection, and antiviral assays. HFFs (passage 12 to 16; ATCC, CRL-2088) were grown in Dulbecco's modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA) in a 5% CO 2 incubator at 37°C and used for infection with pp28-luciferase Towne CMV strain. Human colorectal carcinoma cell line HCT116 (ATCC, CCL-247) cells were maintained in DMEM containing 10% FBS.
To determine the effect of cell density/cycling on the anti-CMV activity of artemisinins, HFFs were plated at 0.5 ϫ 10 6 , 1 ϫ 10 6 , 2 ϫ 10 6 , or 3 ϫ 10 6 cells per 96-well plate 24 h prior to infection. Infection was carried out at a multiplicity of infection of 1 PFU/cell (MOI ϭ 1), unless otherwise noted. Following 90 min of adsorption, medium containing virus was removed and replaced by DMEM with 4% FBS (Gibco) containing antiviral compounds. Infected treated HFFs were collected at 72 hpi, and pp28 activity was quantified by a luciferase assay kit (Promega, Madison, WI) on the GloMax-Multiϩ detection system (Promega) according to the manufacturer's instructions. In second-cycle replication assays, supernatants were collected from the tested conditions of the first cycle and used for infection of fresh HFFs in 96-well plates. Luciferase activity was measured 72 h after the second-cycle infection. To better delineate the cell cycle stage of artemisinin activity, HFFs were arrested at G 0 by serum-free DMEM, at early G 1 by lovastatin (10 M), or at late G 1 by mimosine (400 M). The medium was washed, and infection was performed at MOI ϭ 1 in DMEM (Gibco). Following 90 min of adsorption, medium containing virus was removed and replaced by DMEM with 4% FBS and the desired artemisinins. Luciferase activity was quantified at 72 hpi.
A plaque reduction assay was performed in HFFs. One day prior to infection, HFFs were seeded at 3 ϫ 10 6 or 1 ϫ 10 6 cells per 24-well plate. The Towne CMV strain was diluted in DMEM to a desired titer that gave ϳ50 plaques/well and added to each well in quadruplicate. Plates were incubated for 90 min with shaking every 10 min; thereafter, compounds were added and replenished every 3 days. After a 10-day incubation, cells were stained with crystal violet, and plaques were counted at ϫ40 magnification.
CMV DNA replication in cells was quantified using a real-time PCR of the highly conserved US17 as previously described (18, 19) .
Selection of drug-resistant viral mutants. A multistep resistance selection protocol was used in which the pp28-luciferase Towne CMV strain was serially passaged in the presence of increasing drug concentrations (20) . HFFs (0.5 ϫ 10 6 /T-25 flask) were grown overnight and infected with the pp28-luciferase Towne CMV strain (MOI ϭ 0.025) using serum-free medium. After 90 min of adsorption, cells were washed with PBS, and media containing the appropriate drugs (in DMEM with 4% FBS) were added (dimer 606 at 40 nM, AS at 2 M, and GCV at 0.5 M) to the flasks. A control flask containing infected cells was incubated in the absence of any drug (DMEM with 4% FBS). After 5 to 7 days, when a cytopathic effect (CPE) was visible, the supernatants were collected, and cells were scraped and kept at Ϫ80°C for determination of virus replication by luciferase assay. Supernatants collected from each flask were spun down at 3,000 rpm for 5 min, and cell-free supernatants (5% to 10% supernatants) were used to infect fresh HFFs treated with 2ϫ drug concentration. This procedure was repeated 5 times.
Flow cytometry. Apoptosis was determined in noninfected and CMVinfected cells. HFFs (1 ϫ 10 6 ) were seeded in 12-well plates and cultured for 4 days with or without compounds before flow cytometry. CMVinfected HFFs (Towne CMV strain, MOI ϭ 1 PFU/cell) were treated with artemisinins, and an apoptosis assay was performed at 4 days postinfection. Cells were collected and stained with the annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (Sigma) and analyzed on an LSR II flow cytometer (BD Biosciences, San Jose, CA). Staurosporine (4 M) was used as positive control for apoptosis in HFFs. Since artemisinins were reported to induce apoptosis in cancer cells, HCT116 colon carcinoma cells were also treated with artemisinins for 48 h, and an apoptosis assay was performed as a control. Percentage of apoptosis was calculated as the number of cells counted in the lower-right quadrant divided by the total number of cells.
To identify the cell cycle stage affected by AS and dimer 606, noninfected HFFs were serum starved for 72 h and then released in DMEM with 0% FBS (control for arrest in G 0 ), 10% FBS (control for cell cycle progression), or 10% FBS plus artemisinins for 24 h. To determine the ability of artemisinins to affect cell cycle progression after induction of late G 1 arrest, HFFs were treated with 400 M mimosine for 48 h, after which, cells remained arrested in late G 1 with DMEM containing 0% FBS (a control for mimosine late G 1 arrest) or were released with 10% FBS (a control for cell cycle progression) or 10% FBS plus the indicated compounds for 24 h. To determine the ability of artemisinins to affect cell cycle progression after induction of early G 1 arrest, HFFs were treated with 10 M lovastatin for 24 h and then either remained arrested with DMEM-0% FBS (a control for lovastatin early G 1 arrest) or were released with 10% FBS (a control for cell cycle progression) or 10% FBS plus indicated compounds for 24 h. In a subset of experiments, artemisinins were added 24 or 12 h before release from mimosine or lovastatin arrest, respectively. Then, HFFs were treated with DMEM containing 0% FBS, 10% FBS, or 10% FBS with the indicated compounds for 24 h. To determine the effects of artemisinins on cell cycle progression in CMV-infected HFFs, 1.0 ϫ 10 6 cells were serum starved, followed by infection at MOI ϭ 1 and treatment with AS, dimer 606, or GCV. Cells were harvested for cell cycle analysis at 72 hpi as described for noninfected cells. Data analysis was performed using FlowJo software (Tree Star, USA). The percentages of cells in G 1 , S, and G 2 /M stages appear in the cell cycle box of each condition.
SDS-PAGE and immunoblot analysis. Cell lysates were quantified for total protein content using a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo-Fisher Scientific, Waltham, MA). Equivalent amounts of proteins were mixed with equal volumes of sample buffer (125 mM Tris-HCl [pH 6.8], 4% SDS, 20% glycerol, 5% ␤-mercaptoethanol) and boiled at 100°C for 10 min. Denatured proteins were resolved in Trisglycine polyacrylamide gels (10% to 12%) and transferred to polyvinylidene difluoride membranes (Bio-Rad Laboratories, Hercules, CA) by electroblotting (21) . Membranes were incubated in blocking solution (5% nonfat dry milk or bovine serum albumin [BSA] and 0.1% Tween 20 in PBS [PBST]) for 1 h and washed three times with PBST, and incubated primary antibodies were diluted in 5% milk or BSA (for pRb) at 4°C overnight. The membranes were washed with PBST, followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies in 5% milk or BSA for 1 h at room temperature. After three washing steps with PBST, protein bands were visualized by chemiluminescence using SuperSignal West Pico reagent (Pierce Chemical, Rockford, IL). The following antibodies were used: mouse monoclonal anti-pp65 antibody (Vector Laboratories, Burlingame, CA); rabbit polyclonal anti-phospho Rb antibody (Ser 807/811) (Cell Signaling Technology, Beverly, MA); rabbit anti-CDK2, CDK4, and CDK6 polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA); mouse anti-␤-actin monoclonal antibody (Santa Cruz Biotechnology); HRP-conjugated goat anti-rabbit IgG antibody (Cell Signaling Technology); and HRP-conjugated sheep antimouse IgG (GE Healthcare, Waukesha, WI).
Drug combination and analysis. Drug combinations were performed as previously reported (22) . Briefly, 2 ϫ 10 6 HFFs were seeded in a 96-well plate and infected with the pp28-luciferase Towne CMV strain at MOI ϭ 1. First, a dose-response curve was generated for each drug individually to determine its 50% effective concentration (EC 50 ). Then, the drugs were combined at twice their EC 50 , diluted in DMEM with 4% FBS followed by serial dilution, and added together after infection. Luciferase activities of the combination and each drug individually were quantified at 72 hpi. The Bliss model was used to calculate the effect of each drug combination on pp28-luciferase activity (22) . In this model, drug combination represents the product of two probabilistically independent events as described in the following equation (23):
where D is the drug concentration, m is the slope, and EC 50 is the effective concentration resulting in 50% virus inhibition. The combined effect of two inhibitors (F U , fractional unaffected) is computed as the product of individual effects of the two inhibitors F U1 and F U2 . If the ratio of observed fold inhibition divided by the expected fold inhibition is Ͼ1, the compounds are synergistic. If the ratio is Ͻ1, the combination is considered antagonistic, and if it equals 1, the combination is additive.
Statistical analysis. A Student t test was performed using SigmaPlot (Systat software, San Jose, CA) and GraphPad Prism (GraphPad software, La Jolla, CA) software. P values of Ͻ0.05 were considered significant.
RESULTS

Inconsistent anti-CMV activity of AS is not a result of selection of resistant viral mutants.
Our ongoing studies revealed that while GCV and dimer 606 maintained consistent CMV inhibition, the activity of AS against CMV was inconsistent. Loss of 6 , 2 ϫ 10 6 , and 3 ϫ 10 6 cells/plate, infected with the pp28-luciferase Towne CMV strain at MOI ϭ 1 after 24 h, and treated with the indicated compounds. Luciferase activity was measured at 72 hpi and normalized to activity measured in infected nontreated HFFs. Data represent means Ϯ SE of four independent experiments. Differences in luciferase activity between infected untreated and infected AS-treated cells were statistically significant for 3 ϫ 10 6 and 2 ϫ 10 6 cells/plate (unpaired t test, P ϭ 0.0008 and 0.0003, respectively) and nonsignificant for 1 ϫ 10 6 and 0.5 ϫ 10 6 cells/plate (P ϭ 0.17 and 0.3, respectively). (B) HFFs were seeded in 24-well plates at 1 ϫ 10 6 and 3 ϫ 10 6 cells/plate, infected with 50 PFU/well of Towne CMV strain, and treated with the indicated compounds every 3 days for 10 days. Plaques were stained with crystal violet and counted. Data shown are the average of four wells Ϯ SE for a representative experiment from two independent experiments. The difference in plaque number between infected low-density and high-density HFFs was not significant (unpaired t test, P ϭ 0.5), but the difference in infected AS-treated cells was significant between the different cell densities (unpaired t test, P ϭ 0.0002). (C) Supernatants from wells shown in panel A were used to infect HFFs (1 ϫ 10 6 cells in a 96-well plate), and luciferase activity was measured at 72 hpi and normalized to activity measured in supernatants from infected untreated HFFs. (D) HFFs were seeded in 96-well plates (0.5 ϫ 10 6 , 3 ϫ 10 6 cells/plate), infected with the Towne CMV strain at MOI ϭ 1, and treated with the indicated compounds. At 48 hpi, DNA was isolated from the cells, and viral DNA copies were quantified by real-time PCR of the US17 gene. The differences in viral DNA replication between the infected untreated and AS-treated cells were statistically significant for 3 ϫ 10 6 cells/plate (unpaired t test, P ϭ 0.0002) and nonsignificant for 0.5 ϫ 10 6 cells/plate (P ϭ 0.3).
AS activity was not a result of advanced cell passage, selection of AS-resistant viral mutants, or compound instability. The same AS was effective against malaria parasites (unpublished data), and replenishing AS after 1 or 2 days did not improve its anti-CMV activity. Selection of drug-resistant CMV strains by serial passaging of supernatants in the presence of increasing drug concentrations revealed that neither AS nor dimer 606 selected for resistant CMV mutants. No viral progeny were detected in supernatants collected from infected cells exposed to higher drug concentrations. GCV treatment resulted in the selection of a GCV-resistant CMV strain at 16 M GCV, evident by a C607Y substitution in UL97 and confirmed by sequence analysis (24) . The anti-CMV activity of AS correlates with confluence of HFFs. The contribution of cell density/contact inhibition to the anti-CMV activity of artemisinins was tested. Virus inhibition by AS depended on cell confluence at the initiation of the assay (Fig.  1A and B) . Increasing cell confluence provided a more conducive environment for AS activity than a lower cell density. Activity dependence on cell density was specific to AS and was not observed for dimer 606 or GCV. Results of the pp28-luciferase assay (Fig. 1A) were confirmed by a plaque reduction assay (Fig. 1B) , second-cycle luciferase expression (Fig. 1C) , and DNA replication at different cell densities (Fig. 1D) . In confluent HFFs (at the time of infection), AS inhibited CMV. In subconfluent cells, AS lost its anti-CMV activity.
CMV inhibition by AS depends on a synchronous population of HFFs. Induction of G 0 arrest with serum starvation using either low or high cell density resulted in CMV inhibition with AS ( Fig. 2A) , suggesting that the cell cycle stage rather than cell density determined AS activity against CMV. Even in low-density HFFs, cell synchronization at G 0 with serum starvation, late G 1 with mimosine, or early G 1 with lovastatin resulted in effective CMV inhibition with AS (Fig. 2B ), indicating that a homogeneous cell population is an important factor in the anti-CMV activity of AS. Unlike in infected HFFs, in HCT116, both AS and 606 were more active in inhibiting cell proliferation as cell density decreased (see Fig. S1A in the supplemental material). Thus, differences between monomers and dimers were more distinguishable and significant in CMV-infected primary HFFs.
Effect of artemisinins on apoptosis and cell cycle progression in primary HFFs. Since artemisinins were reported to inhibit cancer cell proliferation through induction of cell cycle arrest and apoptosis (25) , their effects on these pathways were tested in primary HFFs. In noninfected or CMV-infected HFFs, artemisinins did not induce apoptosis (Fig. 3A and B) , but staurosporine (positive control) did. In contrast, in HCT116, treatment with artemisinins induced apoptosis (see Fig. S1B in the supplemental material). Artemisinins induced cell cycle arrest in noninfected HFFs. When AS was added after cells were released from serum starvation (G 0 ), it blocked cell cycle progression from the G 1 to S phase, while dimer 606 only partially blocked this progression (Fig. 4A) . When artemisinins were added 24 h before release from serum starvation, both AS and dimer 606 could arrest the cell cycle, although again the effect of AS was stronger. With AS, 84% of cells were at the G 0 /G 1 stage, 6% were at the S stage, and 10% were at the G 2 /M stage; while with dimer 606, the fractions of cells in the respective stages were 55%, 30%, and 15% (Fig. 4B) . These results indicated that both AS and dimer 606 were able to block cell cycle progression through different modes of action.
Artemisinins arrest cell cycle at early or late G 1 . To further identify the stage of cell cycle affected by artemisinins, mimosine and lovastatin, which arrest cells at the late G 1 /S or early G 1 checkpoints, respectively, were used (Fig. 5 ). HFFs were treated with artemisinins either before or after removal of the respective checkpoint compound. Following removal of mimosine (cells synchronized at G 1 /S), neither AS nor dimer 606 could arrest cell cycle progression ( Fig. 5A ; see also the Fig. S2 scheme in the supplemental material), suggesting that they induced cell cycle arrest before the G 1 /S checkpoint. Similarly, when added to HFFs 24 h before mimosine removal, cell cycle progression was not inhibited by AS or dimer 606 (Fig. 5A) . AS could not arrest cell cycle progression in cells that were at the checkpoint induced by lovastatin or mi-mosine arrest (Fig. 5A and B) , indicating that it blocked the cell cycle at early G 1 , before the stages induced by these compounds (see the Fig. S2 scheme) . Addition of dimer 606 12 h before release from lovastatin blocked cell cycle progression, but treatment after release from lovastatin did not (Fig. 5B) , suggesting that dimer 606 modulated the cell cycle at a stage after lovastatin and before mimosine (see Fig. S2 for model) . Taken together, compared to AS, dimer 606 had moderate effects on cell cycle arrest and affected cell cycle at a later stage during G 1 .
AS and dimer 606 modulate cell cycle progression in CMVinfected HFFs. In HFFs arrested by serum starvation and infected with CMV, cell cycle progressed to the G 1 /S boundary. Treatment with AS and dimer 606 prevented the progression from G 1 to G 1 /S. These effects were not observed with GCV (Fig. 6 ).
Expression of cell cycle regulators correlates with CMV inhibition by artemisinins.
Our results suggested that cell cycle regulators might contribute to the anti-CMV activities of artemisinins. The expression of major cell cycle proteins was measured in CMVinfected HFFs in which CMV was either inhibited (CMV pp65 significantly reduced) or not inhibited (pp65 not reduced) by AS (Fig. 7) . CMV infection induced CDK2 and the phosphorylation of pRb (Ser 807/811) in both low-and high-density cells (Fig. 7A  and B) . The expression of pRb and CDK2 was significantly reduced in AS-treated HFFs in which AS was CMV inhibitory, compared to that in HFFs in which AS lost its activity (Fig. 7A and B) . A lack of CMV inhibition by AS correlated with higher levels of phosphorylated pRb and CDK2 (Fig. 7B) . Treatment with dimer 6 HFFs were seeded in 12-well plates and starved in nonserum DMEM for 48 h, followed by treatment with nonserum DMEM containing the indicated compounds for 24 h, after which media were replaced by DMEM containing 0% FBS, 10% FBS, or 10% FBS plus the indicated compounds. Following PI DNA staining, cells were analyzed by flow cytometry.
606 resulted in mild reductions in pRb and CDK2, which were similar between high-and low-density cells (Fig. 7A and B) . The effects of artemisinins on expression of CDK4 and CDK6 were determined. In AS-treated CMV-infected HFFs, CDK4 expression was mildly reduced. Dimer 606 did not change CDK4 expression. Levels of CDK6 were not affected by either AS or dimer 606 in infected cells irrespective of cell density (Fig. 7A and B) . Thus, the anti-CMV activity of AS was associated with reductions in pRb and CDK2 but not in CDK4 or CDK6.
To determine whether the above-described changes in cell cycle regulators were induced by CMV infection or an intrinsic property of artemisinins in primary HFFs, the expression of CDKs was measured in noninfected HFFs (Fig. 7C and D) . In contact-inhibited HFFs, neither AS nor dimer 606 decreased the expression of any of the tested CDKs (Fig. 7C) . However, in growing noninfected HFFs, the expression of all tested CDKs was reduced, more by AS than by dimer 606 (Fig. 7D) . In contact-inhibited cells, the levels of CDKs were only reduced in the setting of infection (Fig. 7A and C) , pointing to compound activity induced in CMV-infected cells. The effect of AS on expression of CDKs was similar to DMEM with 0% FBS, indicating strong cell cycle arrest.
CMV infection and AS treatment resulted in virus inhibition or lack of virus inhibition. In contact-inhibited HFFs in which the majority of cells were in the G 0 /G 1 stage, CMV would attempt to carry the cells to the G 1 /S stage, but AS-induced arrest of a homogeneous population at G 1 would prevent transit to G 1 /S, as required by CMV. In contrast, in a heterogeneous population of cycling cells that were infected by CMV, AS-induced arrest was only effective in a minor population of cells, and therefore its anti-CMV activity was reduced (Fig. 7A and B) . Since dimer 606 partially blocked cell cycle progression, its CMV inhibition may not have been dependent on cell density, although some effects were observed on expression of pRb and CDK2.
Drug combination with a CDK2 inhibitor suggests that artemisinins act through a mechanism that involves CDK2 in infected cells. Since artemisinins inhibited cell cycle progression in HFFs and CDK2 expression in CMV-infected HFFs, we tested whether their activities could be mediated through modulation of CDK activity by using roscovitine (a CDK2 inhibitor). The EC 50 s of AS and roscovitine were 12.2 and 5.9 M, respectively. The combination of roscovitine and AS or dimer 606 revealed an antagonistic effect on CMV replication (Fig. 8A  and B) , indicating a potential shared pathway. GCV did not exhibit any effects on pRb/CDK expression and showed an additive effect with roscovitine ( Fig. 7A and B and 8C ), confirming that the changes in the profile of cell cycle proteins were specific to artemisinins.
DISCUSSION
Uncovering the mechanisms of CMV inhibition by artemisininderived monomers and dimers is important, as they may lead to novel strategies for virus suppression. The monomeric artemisinins, AS and artemether, have shown good activity against plasmodium parasites and have become the standard of care for malaria. Other intracellular pathogens that infect a broad range of host cells, including viruses, parasites (Toxoplasma), and protozoa (Leishmania), are inhibited by artemisinins (26, 27) .
We previously reported on the anti-CMV activities of artemisinin-derived monomers and dimers and their synergistic activity with GCV (9, 16, 17) . Dimers demonstrated a higher selectivity index and slope of the dose-response curve than those of monomers (22) .
The current findings support mechanistic differences between artemisinin monomers and dimers. The inconsistent anti-CMV activity of AS along with the inability to select for resistant viral mutants in the presence of increasing concentrations of AS or dimer 606 suggested that artemisinins may inhibit CMV by targeting cellular function(s) required for CMV replication. While selection of resistant CMV mutants may require prolonged drug exposure and may eventually emerge, no resistant viral mutants were observed in our studies. Our data reveal that artemisinins modulate cell cycle progression in HFFs, that AS arrests cell cycle at an early G 1 stage, and that dimer 606 partially blocks cell cycle at a later stage. The anti-CMV activity of AS correlates with the cell cycle stage and is markedly reduced in a heterogeneous/cycling cell population (Fig. 4, 5, and  7) . In contrast to cell cycle arrest and induction of apoptosis in cancer cells (see Fig. S1B in the supplemental material), artemisinins did not induce apoptosis in noninfected or infected HFFs (Fig. 3A and B) (28) (29) (30) . Monomeric and dimeric artemisinins were reported to induce G 1 arrest and apoptosis in cancer cell lines (25, 29) , activities that correlated with changes in the expression of genes involved in cell proliferation (31) . In a panel of 55 cancer cell lines, the cytotoxicity of AS resulted in induction of G 0 /G 1 arrest and changes in expression of cell cycle regulatory proteins (32) . In contrast to our findings in primary HFFs, studies in cancer cells and our results in HCT116 (see Fig. S1A in the supplemental material) showed greater inhibition of cancer cell proliferation by AS and dimer 606 at lower cell density, when a higher percentage of cells is in S stage. These data suggest that the observed variability in the effects of artemisinins on cell cycle and apoptosis in normal versus cancer cells may reflect differences in the cellular environment.
The pRb protein plays a major role in controlling the cell cycle. Progression through G 1 into S stage is associated with increased pRb phosphorylation, and hypophosphorylated pRb induces cell cycle arrest. The phosphorylation of pRb and the subsequent progression through the cell cycle depend on functional CDKs (33) . CDK activity was reported to occur at multiple steps during human CMV infection (34) , and roscovitine inhibited CMV replication at early and late stages, reminiscent of the reported activities of artemisinins (16) . CMV inhibition with AS in confluent HFFs correlated with hypophosphorylated (active) pRb, while CMV inhibition in subconfluent cells was lost, and pRB remained in hyperphosphorylated form ( Fig.  7A and B) . Infection of cycling cells likely resulted in low percentages of cells reaching the cell cycle stage at which AS could induce arrest and inhibit CMV (Fig. 7B) . Thus, AS-induced arrest was ineffective in infected cells of a growing population. Dimer 606 also reduced pRb phosphorylation, but the effect was modest compared to that of AS, reflecting the later stage of cell cycle affected by dimer 606 and the incomplete arrest induced by it.
CDK2 expression was also reduced in infected HFFs inhibited by AS, but there were no significant changes in CDK4 or CDK6 expression ( Fig. 7A and B) . The fact that the expressions of CDKs 2, 4, and 6 were unchanged in noninfected artemisinin-treated contact-inhibited HFFs suggests that the anti-CMV activity of artemisinins depends on modulation of the cellular response to CMV infection, resulting in downregulation of CDK2 and hypophosphorylation of pRb. This is corroborated by the antagonism of AS/dimer 606 and roscovitine in CMV inhibition (Fig. 8) . Roscovitine can inhibit the kinase activity of additional CDKs that play a role in CMV replication (35) . Future studies will address the role of artemisinins in modulating these proteins as a strategy for CMV inhibition.
In summary, CMV inhibition with artemisinins depends on
FIG 7
Inhibition of CMV replication with artemisinins correlates with pRb expression. AS, dimer 606, and GCV were added to 96-well plates after infection with the pp28-luciferase Towne CMV strain, and cell lysates were collected for Western blotting at 72 hpi. CMV replication was measured by CMV pp65 expression. Seeding density was 3 ϫ 10 6 /plate (A) or 0.5 ϫ 10 6 cells/plate (B). (C) Artemisinins modulated CDK expression depending on the growth phase of HFFs. Contact-inhibited HFFs (3 ϫ 10 6 per 96-well plate) were treated with AS, dimer 606, and GCV for 72 h, and cell lysates were collected for Western blots. (D) HFFs (2.5 ϫ 10 5 per 96-well plate) were serum starved for 72 h, followed by release in DMEM containing 0% FBS or 10% FBS along with AS, dimer 606, and GCV. Cell lysates were collected at 72 h for Western blots. Representative data from two independent experiments are shown. Protein expression was quantified using ImageJ.
the outcome of cell cycle modulation by infection and drug treatment through mechanisms involving pRb. Understanding the mechanisms may play an important role in considering future drug designs for CMV therapy.
